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bstract

Batch adsorption of fluoride onto manganese dioxide-coated activated alumina (MCAA) has been studied. Adsorption experiments were carried
ut at various pH (3–9), time interval (0–6 h), adsorbent dose (1–16 g/l), initial fluoride concentration (1–25 mg/l) and in the presence of different
nions. Adsorption isotherms have been modeled using Freundlich, Langmuir and Dubinin–Raduskevich isotherms and adsorption followed
angmuir isotherm model. Kinetic studies revealed that the adsorption followed second-order rate kinetics. MCAA could remove fluoride effectively

up to 0.2 mg/l) at pH 7 in 3 h with 8 g/l adsorbent dose when 10 mg/l of fluoride was present in 50 ml of water. In the presence of other anions,

he adsorption of fluoride was retared. The mechanism of fluoride uptake by MCAA is due to physical adsorption as well as through intraparticle
iffusion which was confirmed by kinetics, Dubinin–Raduskevich isotherm, zeta-potential measurements and mapping studies of energy-dispersive
nalysis of X-ray.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Extensive research has been done on removal of fluoride from
queous solution due to the adverse effect it causes to human
ody. Several methods such as adsorption [1–6], precipitation
7,8], ion exchange [9,10], reverse osmosis [11], nanofiltration
12], Donnan dialysis [13,14] and electrodialysis [15,16] tech-
iques have been used for defluoridation. In 1979, Bulusu et
l. [17] developed the Nalgonda technique, in which aluminum
alt is added along with lime to fluoride-contaminated water
o form flocs. The flocs (aluminum hydroxide) in turn remove
uoride by sorption or by co-precipitation. Use of calcite to
emove fluoride from aqueous solution by precipitation method
as been investigated by many authors [7,8,18]. Reardon and
ang [7] studied fluoride removal using a lime stone reactor

here the dissolution of calcite occurred to form CaF2 pre-

ipitate. Fluoride removal by calcite was studied by Turner et
l. [8] and they found that along with the precipitation reac-
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ion, adsorption of fluoride also occurs which was confirmed by
tomic force microscopy, X-ray photoelectron spectroscopy and
eta-potential studies.

Adsorption process has been widely used, in which vari-
us adsorbents, viz. activated alumina [19,20], activated carbon
21], low-cost adsorbents [5,22–24], rare earth oxides [1], natu-
al products [22,23] like tree bark, groundnut husk, sawdust, rice
usk, etc., have been utilized. In connection with our research
rogram on defluoridation, we have reported earlier the sorption
ehavior of fluoride on rare earth oxides [1], natural adsorbents
22,23] and impregnated oxides [24].

In 2001, Raichur and Basu [1] investigated adsorption of flu-
ride onto mixed rare earth oxides to study the effectiveness of
hese mixed rare earth oxides towards fluoride removal. They
ound that 98.5% of fluoride has been removed from synthetic
olution at pH 6.7 and 8 g/l of mixed rare earth oxide. In an
arlier work, Srivastava et al. [23] and Tripathy et al. (2004)
22] studied the removal of fluoride from water using saw-

ust, groundnut husk and sand. The results obtained indicate
hat these chemically treated natural adsorbents remove fluoride
ffectively. Activated alumina is known to be a very good adsor-
ent due to its high surface area, crystalline form, and activation

mailto:sushreeswarupa@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2007.09.100
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rocess [21]. But usually it works effectively at pH below 6
24,25].

In recent years, a considerable amount of work has been done
n impregnation of oxides and natural adsorbents with chemicals
o improve the adsorption capacity and hence removal efficiency
28–31]. Aluminum-impregnated carbon [21], lanthanum oxide-
oated silica gel [26], La3+-impregnated cross-linked gelatin
27] and zirconium(IV)-impregnated collagen fiber [28] were
eported to be very effective for defluoridation. The influence
f impregnation of aluminum on activated carbon was investi-
ated by Ramos et al. (1999) [21]. They found that impregnated
ctivated carbon has three to five times more adsorption capac-
ty than that of plain activated carbon. In a further study of
ur previous work [22,24], we have examined the adsorption
ehavior of chemically impregnated oxides and sands includ-
ng alum-impregnated activated alumina for removal of fluoride
rom water. We found that alum-impregnated activated alu-
ina performed better as compared to activated alumina for

efluoridation of water. It was observed that up to 0.2 mg/l fluo-
ide could be removed by alum-impregnated activated alumina.

aliyekkal et al. [25] studied the removal of fluoride using man-
anese oxide-coated alumina (MOCA). They found that MOCA
s an effective adsorbent for defluoridation of water when initial
oncentration of fluoride in water is 5 mg/l.

In this paper, the effect of manganese dioxide coating on acti-
ated alumina on removal of fluoride as compared to uncoated
ctivated alumina is reported. An attempt has been made to
lucidate the uptake mechanism of fluoride using manganese
ioxide-coated activated alumina. Studies have been carried
ut to determine the adsorption kinetics, adsorption isotherm,
ffect of pH and adsorbent dose on the efficacy of manganese
ioxide-coated activated alumina towards removal of fluoride.
he sorption behavior of fluoride on the adsorbent was inves-

igated by zeta-potential and EDAX studies to understand the
olid/liquid interface phenomena.

. Materials and methods

.1. Chemicals

All the chemicals used were of analytical grade (E. Merck,
ndia). Double distilled water was used in all the experiments. All
he experiments were carried out at room temperature and atmo-
pheric pressure. Synthetic fluoride stock solution was prepared
y adding appropriate quantity of sodium fluoride to distilled
ater and was used for adsorption experiments after appropriate
ilution.

.2. Preparation of manganese dioxide-coated activated
lumina

The activated alumina was coated [29] with manganese diox-
de as follows: 26.675 g of KMnO4 was dissolved in 2 l of

istilled water in a beaker and kept in a water bath at 90 ◦C
or 15 min. Twenty-four grams of activated alumina was added
o this solution and mixed gently. The suspension was kept in the
ater bath for 10 min. Then 300 ml of 2 M HCl was added to that

c
a
a
A

rdous Materials 153 (2008) 1043–1051

uspension and mixed thoroughly and again kept in the water
ath for 30 min. After completion of the reaction the solid was
ooled and washed with distilled water and 0.05 M perchloric
cid until the runoff was clear. Finally it was dried at ambi-
nt temperature and stored in a sorbent bottle. This manganese
ioxide-coated activated alumina is referred as MCAA.

.3. Characterization of manganese dioxide-coated
ctivated alumina

The specific surface area was determined by the low-
emperature N2 absorption method. The particle size distribution
f the MCAA was measured by using a Malvern Master
izer. The isoelectric point of activated alumina, MCAA and

he fluoride-adsorbed MCAA was determined by measurement
f zeta-potential of the particles (Malvern Zeta-sizer Model
000, UK). Scanning electron microscopy (SEM) and energy-
ispersive analysis of X-ray (EDAX) were performed using a
EI SIRION (20 kV) scanning electron microscopy.

.4. Adsorption of fluoride by manganese dioxide-coated
ctivated alumina

All the adsorption experiments were carried out in batch
ode. A known quantity of MCAA and desired concentration

f fluoride solutions were taken in a 100 ml Teflon-coated bot-
le. The pH of the solution was adjusted by using dilute HCl or
aOH solution.
The final volume was made up to 50 ml with distilled water.

he experimental procedure for adsorbent dose (0.5–16 g/l),
ffect of pH (3–9), adsorption kinetics (0–6 h) and isotherm
1–25 mg/l) studies has been described in our earlier paper [24].
he interference of ions on fluoride adsorption was carried
ut in the same manner as mentioned for other parameters at
ifferent concentration (25–100 mg/l) of ions. The filtrate was
nalyzed for residual fluoride concentration by using a UV–vis
pectrophotometer (Thermo Electron-T 60, UK) using SPADNS
eagent at 570 nm, outlined in the Standard Methods of Exami-
ation of Water and Wastewater [30].

. Results and discussion

.1. Characterization of manganese dioxide-coated
ctivated alumina

The scanning electron micrographs of activated alumina and
CAA are shown in Fig. 1a and b, respectively. In Fig. 1b

mall particles can be seen adhering to the AA surface. The
urface area, pore volume, particle size and isoelectric point of
A and MCAA are given in Table 1. The decrease in surface

rea of MCAA indicates that diffusion of manganese dioxide
akes place into the pores of the AA surface, which is further

onfirmed from the pore volume measurements. But in case of
lum-impregnated activated alumina, it is observed that surface
rea increased upon impregnation due to the uniform coating of
l(OH)3 on activated alumina surface [24].
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Fig. 1. (a) SEM micrograph of activated alumina. (b) SEM micrograph of man-
ganese dioxide-coated activated alumina.

Table 1
Properties of activated alumina and MCAA

Properties Activated
alumina (AA)

Manganese dioxide-coated
activated alumina (MCAA)

Particle size, d50 (�m) 82 87
Surface area (m2/g) 242 203
Pore volume (cm3/g) 0.39 0.23
Isoelectric point 8.3 7.7
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Fig. 2. Zeta-potential of activated alumina, manganese dioxide-coated activated
a
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w
after the adsorption of fluoride decreased sharply and only 64%
of fluoride was adsorbed at pH 9. The advantage of coating
AA is that the adsorption of fluoride occurs over a wide range
of pH, i.e. pH 3–7 whereas the maximum adsorption in case

Fig. 3. The plot of percent removal of fluoride onto AA and MCAA as a function
of pH at adsorbent dose 8 g/l, fluoride concentration 10 mg/l and equilibrium time
.2. Zeta-potential measurements

Fig. 2 shows the zeta-potential versus pH of AA and MCAA
n 1 × 10−2 M KNO3 solutions. It was found that the isoelectric
oint (IEP) of AA was at pH 8.3 with the surface being positively
harged below the IEP and negatively charged above the IEP.
he IEP value of MnO2 as such is known to be 2.1. The IEP of
CAA was found to be 7.7 which is lower compared to that of
A. The shift in IEP value from 8.3 to 7.7 was probably due to

he adsorption of manganese dioxide on the surface of AA and
ence the presence of MnO2 on the surface decreases the IEP of

CAA towards it. 3
lumina and fluoride-adsorbed manganese dioxide-coated activated alumina at
n ionic strength of 0.01 M KNO3 solution.

.3. Effect of pH

The role of pH is a major factor which controls the adsorption
t the water–adsorbent interface as described in our earlier
apers [1,24]. Fig. 3 shows the adsorption of fluoride onto AA
nd MCAA as a function of pH. Adsorption of fluoride onto
A increased with increasing pH and reached a maximum of
7% at pH 5.5 but decreased with further increase in pH. In
ase of MCAA, initially the adsorption of fluoride increased
rom pH 3 to 5.5 reaching a maximum of 99% at pH 5.5 after
hich a slight decrease to 98% at pH 7 was observed. There
h.
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f activated alumina took place at pH 5.5. Also, adsorption
as always higher at any given pH for MCAA when compared

o AA. Moreover, on addition of the coated AA to water, the
esultant pH of the solution was automatically set to around
. Therefore, the addition of any acid/alkali is not necessary
uring the adsorption process. This will have an implication in
he treatment of drinking water where the natural pH is around

and no additional pH adjustments are required to be done.
herefore manganese dioxide-coated activated alumina has a
reater potential to be used for treating fluoride-contaminated
rinking water. In depth studies have been done to establish
he mechanism of adsorption of fluoride onto coated activated
lumina which is discussed in the following sections.

.4. Adsorption kinetics

The uptake of fluoride onto MCAA was studied at differ-

nt time intervals. Adsorption of fluoride increased with time
nd it was fast in the first 10–60 min. Then the adsorption rate
ecreased and attained equilibrium at 3 h. A maximum of 98%
uoride was adsorbed in 3 h after which there was no significant

(

o
c

ig. 4. (a) Pseudo-first-order plot of fluoride adsorption kinetics at pH 7, 8 g/l adsorben
lot of fluoride adsorption kinetics at pH 7, 8 g/l adsorbent dose and an initial fluor
uoride onto MCAA at pH 7, 8 g/l adsorbent dose and an initial fluoride concentratio
rdous Materials 153 (2008) 1043–1051

dsorption. Therefore, 3 h was the optimum time required for
aximum adsorption of fluoride.
The reaction kinetics of pseudo-first-order and pseudo-

econd-order was investigated by using the results obtained from
he adsorption of fluoride at different time intervals.

Pseudo-first-order rate expression of Lagergen equation [31]
s given as

dqt

dt
= k1(qe − qt) (1)

he integrated and logarithmic form of the above equation is
ritten as

og(qe − qt) = log qe − k1t (2)

here qe and qt are the amount of fluoride adsorbed on the
dsorbent at equilibrium (mg/g) and at time t (min), respectively
nd k1 is the rate constant of the pseudo-first-order adsorption

min−1).

The adsorption rate constant can be determined from the slope
f the linear plot of log(qe − qt) versus t (Fig. 4a). k1 and the
orrelation coefficient R2 were found to be 0.0045 and 0.7658,

t dose and an initial fluoride concentration of 10 mg/l. (b) Pseudo-second-order
ide concentration of 10 mg/l. (c) Intraparticle diffusion plot for adsorption of
n of 10 mg/l.
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espectively which are extremely low. It is known that the larger
he k1 value, the quicker the adsorption rate. Therefore, from the
ery low values of k1 and R2 obtained from Fig. 4a, it can be con-
luded that the adsorption of fluoride onto manganese dioxide-
oated activated alumina does not follow first-order rate model.

The pseudo-second-order rate expression is as follows [32]:

dqt

dt
= k2(qe − qt)

2 (3)

d(qe − qt)

(qe − qt)2 = −k2 dt (4)

Integrating Eq. (4) at t = 0 to t = t and qt = 0 to qt = t, which
ives

1

qe − qt

= 1

qe
+ k2t (5)

t

qt

= 1

k2qe
2 + t

qe
(6)

2 is the pseudo-second-order rate constant (g mg−1 min−1).
From Eq. (6), k2 can be calculated from the slope and inter-

ept of the plot t/qt versus t (Fig. 4b). The larger the k2 value, the
lower the adsorption rate. The value of k2 and R2 for the pseudo-
econd-order rate model is found to be 0.0083 g mg−1 min−1

nd 0.9989. The low k2 and extremely high R2 value sug-
est that the adsorption is governed by pseudo-second-order
odel.

.4.1. Intraparticle diffusion
In spite of adsorption occurring on the surface of adsorbent,

he adsorbate molecules may also diffuse into the interior of the
orous of the adsorbent. The existence of intraparticle diffusion
n the adsorption process can be determined from the following
quation [33]:

t = kit
1/2 (7)

here ki is the intraparticle diffusion rate constant
mg g−1 min−1/2) calculated from Eq. (7).

Fig. 4c shows the amount of fluoride adsorbed (qt) versus the
quare root of time (t−1/2). If the correlation of the above vari-
bles gives straight line that passes through the origin, then it sug-
ests that the intraparticle diffusion contributes predominantly in
ate determining step for the adsorption [33]. Fig. 4c shows that
he initial portion of the curve gives a straight line, which implies
uring the initial time up to 15 min, the adsorption model follows
ntraparticle diffusion. After 15 min, it does not follow intra-
article diffusion. After this, surface adsorption may be the pre-
ominant mechanism of fluoride uptake. The unusual behavior
s obtained due to the heterogeneous nature of MCAA surface.
herefore, the adsorption of fluoride onto MCAA is both through
urface adsorption as well as intraparticle diffusion effect.
.5. Effect of adsorbent dose

Fig. 5a shows the effect of adsorbent dose on the removal of
uoride at pH 7.0 and initial fluoride concentration of 10 mg/l

(

a
i

ig. 5. (a) The plot of percent removal of fluoride as a function of adsorbent
ose (g/l) onto MCAA at fluoride concentration 10 mg/l, pH 7 and equilibrium
ime 3 h. (b) The plot of log KD value as a function of adsorbent dose (g/l).

or 3 h. It can be seen from Fig. 5a that the adsorption of flu-
ride depends on the amount of adsorbent added. Initially, at
.5 g/l of the adsorbent dose, 27% of fluoride is removed and
radually increases up to 98.2% at 8 g/l of adsorbent. Thereafter
he adsorption of fluoride remained constant which indicates
hat 8 g/l adsorbent is sufficient to remove 10 mg/l of fluoride.

similar trend was also observed in case of alum-impregnated
ctivated alumina in our previous work [24]. Due to the increase
n active sites of adsorbent with increasing dosage, the adsorp-
ion of fluoride also increases.

The binding ability of an adsorbent surface for an element
an be determined from the distribution coefficient, KD which
as calculated as follows

D = CS

CW
(8)

here CS is the concentration of fluoride on the solid parti-
les (mg/kg) and CW is the equilibrium concentration in water

mg/m3).

The distribution coefficient KD, increases with increasing
dsorbent dose which is depicted in Fig. 5b. This increase trend
n KD value implies that the surface of MCAA is heterogeneous
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ig. 6. (a) Adsorption isotherm of fluoride onto MCAA at pH 7, adsorbent dose
g/l, equilibrium time 3 h. (b) Dubinin–Radushkevich type adsorption isotherm
f fluoride onto MCAA.

n nature. For a homogeneous surface, the KD value at a given
H should not change with adsorbent concentration [34].

.6. Equilibrium studies and adsorption isotherm

Equilibrium studies were carried out at three pH values 4, 7
nd 9 by varying fluoride concentration range from 1 to 25 mg/l.
ig. 6a illustrates the adsorption isotherm of fluoride which

ndicates that adsorption of fluoride increases with increasing
quilibrium concentration and with decreasing pH. Adsorption

s very high at pH 4 and 7. In contrast, at pH 9 adsorption is low
t low equilibrium concentration and increases only at high Ce
alues.

t

l

able 2
dsorption isotherms of fluoride onto MCAA

H Langmuir isotherms Freundlich isotherm

Q (mg/g) b (l/mg) R2 k 1/n

0.1701 87.99 0.9944 8.45 0.32
0.1591 20.29 0.9472 8.90 0.31
Fig. 7. Effect of interfering ions in the adsorption of fluoride.

Adsorption isotherm data were fitted to both Langmuir and
reundlich isotherm to know the distribution between adsorbent
nd adsorbate interface at equilibrium. As the adsorption of flu-
ride at pH 9 is low compared to that at pH 4 and 7, it was not
onsidered for isotherm studies.

The Freundlich isotherm [2], which is an indicative of the
urface heterogeneity of the adsorbent, is given as follows

n
( x

m

)
= ln k + 1

n
ln C (9)

here k and 1/n are temperature-dependent Freundlich
onstants related to adsorption capacity and adsorption
ntensity, respectively, C the equilibrium concentration
mg dm−3) and x/m is the amount adsorbed at equilibrium
mg/g).

By plotting as ln q against ln C, the k and n values can be
btained from the slope and intercept value. The values obtained
rom the Freundlich plot is given in Table 2.

The Langmuir isotherm [2] which is valid for the mono-
ayer adsorption onto the adsorbent surface for the adsorption
f fluoride from aqueous solution is given by

C

x/m
= C

Q
+ 1

bQ
(10)

here C is the equilibrium concentration (mg dm−3), x/m the
mount adsorbed at equilibrium (mg/g) and Q and b are the
ion, respectively.
The Langmuir constants Q and b can be determined from the

inear plot of C/(x/m) versus C, which is given in Table 2.

s D–R isotherms

R2 Xm (mol/g) K (mol2/kJ2) R2

0.9491 0.0019 0.3436 0.6996
0.8206 0.0023 0.3792 0.8782
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A. (b

3

w

Fig. 8. (a) EDAX spectrum of fluoride-adsorbed MCA
.6.1. Dubinin–Radushkevich isotherm
Though the Freundlich and Langmuir isotherm models are

idely used, but these models do not give any idea about the

a
o
t

)–(g) EDAX Mapping of fluoride-adsorbed MCAA.
dsorption mechanism. Therefore, to develop the mechanism
f adsorption process, the equilibrium data were tested with
he Dubinin–Raduskevich isotherm model (D–R isotherm) [35].
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ubinin–Raduskevich model predicts the sorption nature of the
dsorbate on adsorbent and it is used to calculate the mean free
nergy of sorption.

D–R equation can be written as

= Xmexp(−Kε2) (11)

here ε (polanyi potentiali) = RT ln(1 + (1/C)), X the amount of
uoride adsorbed per unit weight of adsorbent (g g−1), Xm the
dsorption capacity (g g−1), C the equilibrium concentration of
uoride in aqueous solution (g/l), K the constant related to the
dsorption energy, R the gas constant and T is the temperature
K).

D–R isotherm can be linearized by logarithmic transfer of
oth sides:

n X = ln Xm − Kε2 (12)

–R isotherm constants, K and Xm can be calculated from the
lope and intercept of the plot of ln X against ε2, respectively
Fig. 6b), which is given in Table 2. The mean free energy of
dsorption (E), defined as the free energy change when 1 mol
f ion is transferred to the surface of the solid from infinity in
olution can be calculated from the K-value obtained from the
bove equation [36]:

= (−2K)−0.5 (13)

rom the magnitude of E, the type of adsorption such as
hemisorption or physical sorption can be determined. If
= 8–16 kJ mol−1, then the reaction is due to the chemisorp-

ion; If E < 8 kJ mol−1, then physical type of sorption takes
lace.

The mean free energy of adsorption (E) is found to be
.206 kJ mol−1for pH 4 and 1.15 kJ mol−1 for pH 7, which
mplies that the adsorption of fluoride on MCAA is purely by
hysical adsorption.

.7. Effect of different anions

Usually in water many ions such as sulfate, phosphate, chlo-
ide and nitrate are present and these compete with fluoride
ons during adsorption. So the effect of these ions on adsorption
f fluoride onto MCAA was carried out. The initial concentra-
ion of fluoride was fixed (10 mg/l) whereas the concentration
25–100 mg/l) of sulfate, phosphate, chloride and nitrate was
aried in the adsorption test. Fig. 7 shows the different con-
entration of anions versus percent fluoride adsorbed. It can be
een from the figure that the adsorption of fluoride decreases
ith increase in anions concentration. At 0 mg/l of ions, fluo-

ide adsorbed is 98% while the adsorption of fluoride reduced
o 25% at 100 mg/l of anions.

.8. Evidence in support of adsorption of fluoride on MCAA
.8.1. EDAX analysis
Energy-dispersive analysis of X-rays was used to analyze

he elemental constituents of fluoride-adsorbed MCAA. Fig. 8a
hows the presence of fluoride in small amounts in the spectrum

M
a
fl
a

rdous Materials 153 (2008) 1043–1051

long with the principal elements Al and O and minor elements
ike Mn. The Mn peak is observed due to the coating of man-
anese dioxide on AA. Presence of a minor peak for fluoride
n Fig. 8a indicates that fluoride is superficially adsorbed on

CAA surface. Fig. 8b shows the scanning electron micrograph
f fluoride adsorbed onto MCAA. EDAX mapping (done by
econdary electron scattering) was carried out for each element
resent in the fluoride-adsorbed MCAA. Fig. 8c–f shows the
resence of Al, O, Mn and F in bulk amount and Fig. 8g shows
he overlapped image of the four elements. A significant amount
f fluoride is present on the surface which provides direct
vidence of fluoride adsorbed onto the surface of MCAA. On
areful observation, it can be seen that the images of Al, O and
are almost same (Fig. 8c, d and f) whereas the image of Mn

s different. This indicates that most of the fluoride is adsorbed
nto the alumina than on the manganese dioxide as discussed
arlier.

.8.2. Zeta-potential measurement
Zeta-potential measurement was performed with fluoride-

dsorbed MCAA in 10−2 M KNO3 solutions. From Fig. 2 it
an be seen that the IEP value of fluoride-adsorbed MCAA
as found to be 5.9. It is known that the surface of the
uoride-adsorbed MCAA is negatively charged and hence the
eta-potential value is expected to be more negative than the as
uch MCAA. Therefore, the shift in IEP to the lower value, i.e.
rom 7.7 to 5.9 provides direct evidence that fluoride is adsorbed
n the surface of MCAA.

. Conclusions

Manganese dioxide-coated activated alumina has been shown
o be a promising adsorbent for enhanced defluoridation of water
s compared to uncoated activated alumina. Coated activated
lumina adsorbed more fluoride than uncoated one over a wider
H range. More importantly maximum adsorption occurred at
round pH 7 in case of coated alumina which makes it a poten-
ial adsorbent for treating drinking water. Kinetics studies reveal
hat adsorption of fluoride follows second-order rate law. From
he intraparticle diffusion study it can be concluded that the
dsorption was due to both surface adsorption as well as through
ntraparticle diffusion. The equilibrium data were fitted to Fre-
ndlich, Langamuir and Dubinin–Raduskevich isotherm model.
angmuir isotherm model fitted well to this system. Mean free
nergy value of adsorption obtained from Dubinin–Raduskevich
sotherm model suggests that physical adsorption plays an
mportant role in adsorption process. Manganese dioxide-coated
ctivated alumina could remove fluoride up to 0.2 mg/l when
he initial concentration of fluoride in water is 10 mg/l. How-
ver, the adsorption of fluoride decreases in presence of other
ons. Regeneration study reveals that re-coating of manganese
ioxide is needed for further use as adsorption capacity of

CAA decreases after first use. Zeta-potential measurement

nd EDAX analysis and EDAX mapping studies suggest that
uoride adsorption onto MCAA occur through mostly surface
dsorption.
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